ABSTRACT
INTRODUCTION
Because yeast cells are proficient at homologous recombination, simple transformation protocols can be used to replace the chromosomal copy of a gene with a modified version of the gene (12) . This technique allows researchers to add tags or introduce mutations while expressing a gene in its normal context. A common strategy for gene replacement in Saccharomyces cerevisiae is the "pop-in/pop-out" method, which exploits the fact that cells expressing a wild-type URA3 gene are unable to grow in the presence of 5-fluoroorotic acid (5-FOA) (1) . Gene replacement is performed by transforming a linearized plasmid into a ura3 auxotroph; positive selection for the URA3marker yields clones that have integrated the plasmid, and subsequent counterselection in the presence of 5-FOA yields clones that have excised the plasmid and restored the ura3 phenotype. Thus, the pop-in/pop-out method has the advantage of regenerating the selectable marker. The URA3 /5-FOA system can potentially be used for gene replacement in budding yeasts other than S. cerevisiae . One example is Pichia pastoris , which has become a popular model organism for protein production and cell biological studies (5) . Unfortunately, however, ura3aux -otrophs of P. pastoris grow slowly, even in the presence of uracil, making these strains cumbersome to use (7) . We therefore sought an alternative counterselectable marker that would function in any P. pastoris strain.
A promising candidate was the maize mitochondrial gene T-urf13 , which encodes a 13-kDa polypeptide that confers T-type cytoplasmic male sterility (9) . Maize strains expressing Turf13are sensitive to certain fungal toxins and to the carbamate insecticide methomyl. Previous investigators recapitulated these phenotypes in S. cerevisiaeby linking a mitochondrial targeting presequence to the T-urf13gene product (3, 6) . Expression of T-urf13 had little effect on S. cerevisiaecells under normal growth conditions, but addition of methomyl uncoupled the mitochondria, thereby preventing respiratory growth on carbon sources such as glycerol. We now report similar results with P. pastoris . This conditional lethality allows T-urf13to be used as a counterselectable marker. By incorporating T-urf13into a vector that also contains a positive selectable marker, we have achieved pop-in/pop-out gene replacement in P. pastoris .
MATERIALS AND METHODS

Yeast Strains and Growth Conditions
All experiments were performed with the haploid P. pastorisstrain PPY12, which has the genotype his4 arg4 (4) . PPY12 cells were grown in liquid YPG medium (1% yeast extract, 2% peptone, 3% glycerol, 20 mg/L adenine sulfate, 20 mg/L uracil), then transformed by electroporation (13) and plated on selective SG medium lacking arginine [0.67% yeast nitrogen base, 3% glycerol, 1 × CSM-Arg (complete supplement mixture lacking arginine; Qbiogene, Carlsbad, CA, USA), 2% agar]. Where indicated, methomyl was added to SG medium to a final concentration of 1 mM immediately before the plates were poured. Because methomyl is heat sensitive, it was added after the medium had cooled to about 50°C. Purified methomyl was purchased from Sigma-Aldrich (St. Louis, MO, USA). Essentially identical results were obtained with the liquid pesticide Lannate LV, which contains methomyl as its active component; our Lannate sample (a kind gift of DuPont Agricultural Products, Wilmington, DE, USA), which had a methomyl content of 29% (1.8 M), was used for all of the experiments described in this paper. As soon as methomyl-containing plates had solidified, they were stored in the dark at 4°C. These plates were used within a week of being poured.
Plasmids
A cassette encoding the mitochondrial targeting presequence of Neurospora crassaATPase subunit 9 fused to T -urf13was amplified by PCR from plasmid pEMBLYe30/2-21urf13-TW (3) using PfuDNA polymerase (Stratagene, La Jolla, CA, USA) and the oligonucleotides 5 ′ -ACAAAATGGC -CTCCACTCGTGTCCTCG-3 ′ (sense) and 5 ′ -CTATCACGGTACTTGTACG -CTATCGGTC-3 ′ (antisense). This PCR product was inserted into the integrating vector pIB2 (13) that had been digested with Eco RI and Hin dIII and blunted with Klenow enzyme. The resulting construct, designated pIB2-Turf13, contains the chimeric T-urf13 gene under control of the strong constitutive GAP promoter and the AOX1 transcription terminator. This plasmid was linearized with Stu I for integration into the his4locus of PPY12 cells.
pPOP was constructed as follows. A cassette containing the chimeric T -urf13gene flanked by the GAPpromoter and the AOX1transcription terminator was amplified from pIB2-Turf13 using PfuDNA polymerase and the oligonucleotides 5 ′ -GATCCT -TTTTTGTAGAAATGTCTTGGTG-3 ′ (sense) and 5 ′ -ACATGTGTGGGAAA -TACCAAGAAAAAC-3 ′ (antisense). This PCR product was inserted into pUC19 (New England Biolabs, Beverly, MA, USA) that had been digested with Hin cII. The resulting construct was digested with Xba I plus Pst I, and
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Figure 2. Methomyl is lethal to P. pastoris cells that are expressing T-urf13 . P. pastoris PPY12 cells were transformed with pIB2-T-urf13 or with the parental pIB2 vector as a control. Representative clones that had undergone correct integration into the his4 locus (13) were spotted by 3-fold serial dilutions onto SG plates lacking histidine and either lacking or containing 1 mM methomyl. The clone expressing Turf13failed to grow in the presence of methomyl. In the absence of methomyl, cells expressing T-urf13 grew almost as rapidly as the control cells.
the excised 1393-bp fragment was blunted with T4 DNA polymerase and inserted into pSG464 (4) that had been cut with Nde I plus Sna BI and blunted with Klenow enzyme. The sequence of pPOP has been deposited in GenBank ® under the accession no. AF323603. To replace SEC7with SEC7-GFP , pPOP was first mutagenized using the QuikChange ™kit (Stratagene) to eliminate the Xmn I site. An Eco RI-Hin dIII fragment spanning the 3 ′ end of P. pastoris SEC7 (GenBank accession no. AF356651) was then inserted into the corresponding sites in the mutagenized pPOP vector. As described elsewhere (10), a triple-GFPcassette was inserted at the end of the SEC7gene. The resulting construct was linearized with Xmn I for integration into the SEC7locus. To replace SEC12 with SEC12-myc , a BamHI fragment containing the 3 ′ portion of P. pastoris SEC12fused to a cmyc epitope sequence (11) was inserted into the Bam HI site of pPOP. The resulting construct was linearized with Xho I for integration into the SEC12locus.
Pop-In/Pop-Out Gene Replacements
For the SEC7and SEC12gene replacements, PPY12 cells were transformed with the appropriate linearized vector and selected for growth on SGArg. A typical transformation of this type using 0.5-1 µ g linearized plasmid DNA yielded 25-100 transformants. Some of these transformants represented undesired events, presumably including gene conversion at the ARG4 locus or random insertion of the plasmid into genomic DNA, but 25%-50% of the transformants were bona fide pop-in clones. To identify the desired clones, five transformants were tested for growth on SG-Arg plates containing 1 mM methomyl, and the methomylsensitive clones were examined by fluorescence microscopy for the expected localization pattern (11) . Pop-in clones were then plated as follows to select for the desired pop-out clones. A small clump of cells was suspended in 200 µ L sterile water and plated onto SG medium containing arginine plus 1 mM methomyl to select for cells that had excised the T-urf13gene. Viable clones were examined by fluorescence microscopy to confirm that the tagged version of the gene was still present and were tested to confirm that they could no longer grow on SG-Arg, indicating that the ARG4gene from the plasmid had been excised.
To verify that the expected chromosomal rearrangements had occurred during the replacement of SEC7with SEC7-GFP , we performed Southern analysis as follows. Yeast genomic DNA was prepared from putative popin and pop-out clones using the Easy-DNA ™ kit (Invitrogen, Carlsbad, CA, USA). The DNA samples were digested with Hin dIII, electrophoresed on a 0.5% agarose gel, and transferred to a positively charged nylon membrane. A probe corresponding to the 3 ′ -untranslated region of the P. pastoris SEC7lo -cus was generated by PCR using the oligonucleotides 5 ′ -GTAGACATTGC -AGTAAGTACTAAGAC-3 ′ (sense) and 5 ′ -GACTTGACAGGCTTGGTAGAG -ACTTG-3 ′ (antisense), and the nylon membrane was probed using the DIG system (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the manufacturer's instructions. A similar strategy was used to verify the chromosomal arrangements during the replacement of SEC12with SEC12-myc , except that the genomic DNA samples were digested with Eco RI plus Avr II, and a probe corresponding to the 3 ′portion of the SEC12coding sequence (8) was generated by PCR using the oligonucleotides 5 ′ -CCTG -ATGAAATTCCCTCGGAAGTTC-3 ′ (sense) and 5 ′ -GTCTTTTACTTCCT -CAAGCACCTC-3 ′ (antisense).
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Vol. 31, No. 2 (2001) Figure 3 . Schematic representation of gene replacement using pPOP. The gene of interest or a fragment of this gene is subcloned into pPOP and modified to introduce the desired mutation (represented by the small black rectangle). This construct must be linearized using a restriction enzyme that cuts uniquely within the gene, leaving a minimum of 100 bp of unaltered genomic sequence on each side of the restriction site. The linearized DNA is transformed into an arg4strain of P. pastoris . Positive selection on glycerol plates lacking arginine yields pop-in clones that have integrated the plasmid at the chromosomal locus of the gene. These pop-in clones are sensitive to methomyl. For subsequent counterselection, cells from a pop-in clone are spread on a glycerol plate containing both arginine and methomyl. Recombination between the duplicated sequences excises the pPOP vector, yielding arg4pop-out clones that are resistant to methomyl. A subset of these pop-out clones will retain the mutated version of the gene.
RESULTS AND DISCUSSION
We have designed a vector that allows for pop-in/pop-out gene replacement in P. pastoris . This vector, termed pPOP, contains the S. cerevisiae ARG4 gene for positive selection (2) and the T-urf13gene for counterselection (Figure 1) . Strong constitutive expression of T-urf13is driven by the GAPpromoter and AOX1transcription terminator from P. pastoris (13, 15) . As anticipated from previous studies of S. cerevisiae (3, 6) , 1 mM methomyl has only a slight effect on the respiratory growth of wild-type P. pastoriscells but completely prevents the growth of cells expressing T-urf13 (Figure 2 ).
Our data confirm that the GAP /Turf13 / AOX1gene cassette provides a convenient counterselectable marker. This gene cassette is small (1377 bp). In the absence of methomyl, T-urf13 has only a mild effect on growth of P. pastoris : during growth in liquid SG medium at 30°C, wild-type cells have a doubling time of 2.3 h, whereas cells expressing T-urf13have a doubling time of 2.5 h (not shown). Counterselection with methomyl is technically straightforward and inexpensive because methomyl can be obtained in bulk as the insecticide Lannate. However, two technical issues must be considered when performing counterselection with T-urf13 . First, methomyl is light sensitive and breaks down rapidly in aqueous solution, so methomyl-containing plates should be used as soon as possible after preparation, and any unused plates must be transferred quickly to storage in the dark at 4°C. Second, expression of T-urf13 is mildly toxic to P. pastoris cells, even in the absence of methomyl. This toxicity is less pronounced in glycerol medium than in glucose medium, perhaps because glycerol yields somewhat weaker expression from the GAPpromoter (13, 15) or perhaps because glycerol-grown cells have more mitochondria and a correspondingly lower intramitochondrial concentration of the T-urf13gene product. In any case, this mild toxicity means that strains expressing T-urf13 should not be cultured for prolonged periods but should be used immediately for counterselection.
The strategy for using pPOP to replace genes in P. pastoris is diagrammed in Figure 3 . To confirm that pPOP works as predicted, we replaced the SEC7gene with a SEC7-GFPfusion gene. Sec7p is an abundant protein of the late Golgi, and our previous studies of S. cerevisiae revealed that Sec7p-GFP functions normally and gives a bright fluorescence signal (10, 14) . A DNA fragment spanning the 3 ′ end of P. pastoris SEC7was subcloned into pPOP and modified by inserting a triple-GFPcassette at the end of the coding sequence. The resulting construct was linearized at a unique restriction site upstream of the stop codon and transformed into strain PPY12, which is an arg4auxotroph. Five Arg + transformants were tested as follows to identify a correct pop-in clone. First, the transformants were tested for methomyl sensitivity by plating on glycerol medium lacking arginine but containing methomyl. All of the transformants were unable to grow in the presence of methomyl, indicating that they were expressing T-urf13 . As judged by fluorescence microscopy, two of the five transformants showed the expected fluorescence pattern for Golgi-localized Sec7p-GFP (11) . A transformant that had passed both of these tests was subjected to Southern analysis to verify that plasmid integration had caused the expected rearrangement at the SEC7locus (Figure 4 ). This pop-in clone was then used to generate a pop-out strain by plating on glycerol medium containing both arginine and methomyl, thereby selecting for excision of the T-urf13gene. Five clones that grew under these conditions were tested as follows to identify a correct pop-out strain. All five of the clones were no longer able to grow in the absence of arginine, confirming that they had also excised the ARG4gene. One of the five clones still showed fluorescent Golgi structures, indicating that recombination had occurred downstream of the stop codon, thereby retaining the triple-GFPcassette in the chromosome. This pop-out event was verified by Southern analysis (Figure 4) . We also performed a second gene replacement using pPOP. In an earlier study, the P. pastoris SEC12gene was replaced with a SEC12-myc fusion gene by a pop-in strategy (11) . With that approach, a duplicated fragment spanning the 3 ′ end of SEC12remained in the chromosome. As described above for SEC7 , we have now cleanly replaced the SEC12gene with SEC12-myc by the pop-in/pop-out method (not shown; see Materials and Methods). The combined data confirm that pPOP can be used for gene replacement in P. pastoris .
When creating a gene replacement construct based on pPOP, one should bear in mind that the pop-in and popout events will be efficient only if the construct is designed carefully (12) . For the pop-in step, at least 100 bp of unaltered genomic sequence should be present on either side of the restriction site that is used for linearization. (To ensure that this restriction site is unique in the final construct, any additional sites can be removed from the plasmid by directed mutagenesis. This strategy is illustrated by our replacement of SEC7with SEC7-GFP : we removed the Xmn I site from pPOP to take advantage of the Xmn I site near the 3 ′ end of SEC7 .) For the pop-out step, an important consideration is that excision of the pPOP vector sequence can yield either the desired gene replacement or a regenerated copy of the original gene, depending on the site of recombination. The construct should therefore be designed to bias the recombination event in favor of gene replacement. In the examples described above, the GFPand myc tags were inserted at the 3 ′ ends of the genes, so each pPOP construct included a long stretch of 3 ′ -untranslated genomic sequence to promote recombination downstream of the tag sequence. This type of pop-in/pop-out strategy takes full advantage of the efficient recombination machinery in yeast.
